Background Keratoconus is a progressive degenerative corneal disorder of children and young adults that is traditionally managed by refractive error correction, with corneal transplantation reserved for the most severe cases. UVA collagen crosslinking is a novel procedure that aims to prevent disease progression, currently being considered for use in the UK NHS. We assess whether it might be a cost-effective alternative to standard management for patients with progressive keratoconus. Methods We constructed a Markov model in which we estimated disease progression from prospective follow-up studies, derived costs derived from the NHS National Tariff, and calculated utilities from linear regression models of visual acuity in the better-seeing eye. We performed deterministic and probabilistic sensitivity analyses to assess the impact of possible variations in the model parameters. Results Collagen crosslinking is cost effective compared with standard management at an incremental cost of £3174 per QALY in the base case. Deterministic sensitivity analysis shows that this could rise above £33 263 per QALY if the duration of treatment efficacy is limited to 5 years. Other model parameters are not decision significant. Collagen crosslinking is cost effective in 85% of simulations at a willingness-to-pay threshold of £30 000 per QALY. Conclusion UVA collagen crosslinking is very likely to be cost effective, compared with standard management, for the treatment of progressive keratoconus. However, further research to explore its efficacy beyond 5 years is desirable.
Introduction
Keratoconus is a progressive degenerative corneal disorder that affects ∼ 1/2000 of the general population. 1 The typical cone-like deformity 1 usually initiates during teenage or early adult years. 1, 2 Progression may however attenuate after the age of 30 years 2,3 with complete cessation usually expected sometime between age 40 and 50 years. 1, 2 Approximately 90% of all patients 3 will eventually be bilaterally affected, 2 with establishment in the second eye delayed by ∼ 5 years. 2, 3 This may partly account for the characteristic asymmetry of disease severity between the eyes. [2] [3] [4] Patients typically experience visual aberration with astigmatic features 5 for which visual acuity measurements are considered a somewhat unsatisfactory 5 summary measure. Optical correction using spectacles or contact lenses aims therefore to regularise the corneal curvature (measured in dioptres (D)). 5 Progression in some younger patients and those from some ethnic groups may be uncharacteristically swift. 6, 7 This means that conservative management may require supplementing in some instances with minor surgical procedures, or as a last resort, corneal transplantation. 1 Corneal transplantation occurs most frequently within 10 years of diagnosis, 2, 8, 9 affecting ∼ 10-20% of patients overall. 1, 10 UVA collagen crosslinking is a recent innovation that aims to restore the underlying integrity of the corneal matrix and hence resist progression of the disease. 11 There have been many small-scale demonstrations of its efficacy in both randomised controlled trials [11] [12] [13] and a number of uncontrolled prospective evaluations. [14] [15] [16] [17] Follow-up of treated patients is presently limited to ∼ 5 years. 15, 16 Quality of life in patients with chronic visual deterioration, 18 irrespective of cause, 19 is found to correlate most strongly with the visual acuity of their better-seeing 18 eye. Therefore, patients with progressive bilateral keratoconus may have severely reduced quality of life, further compromised by considerable pain. 20 In addition, although corneal transplantation is traditionally viewed as being successful in restoring vision, it consumes considerable resources in terms of surgical time and follow-up, and requires constant access to donor tissue. It also demands considerable ongoing patient motivation to maintain graft integrity, as failure may have catastrophic visual consequences. The potential benefits of collagen crosslinking are therefore the early arrest of the visual deterioration and the avoidance of surgery.
Collagen crosslinking is currently being considered for use in the UK NHS, although there is not at present, to our knowledge, any published information about its cost effectiveness when compared with traditional management. In this paper we present the results of our simulation model that assesses the cost effectiveness of collagen crosslinking from an NHS perspective, using as a basis a hypothetical population of young adults (aged 21 years at disease onset) 2 with progressive early-stage keratoconus. We define 'progressive' (∼1 D or more per year increase in corneal curvature) in accordance with the inclusion [11] [12] [13] [14] [15] [16] [17] and intervention 15 criteria of the most recent clinical evaluations.
Materials and methods

The model
We used a Markov model structure 21 that consists of descriptive states that highlight relevant features of patients' health at a given time. The model has a 25-year time horizon and updates in 4-weekly cycles. These values respectively represent both the expected period of active disease and a suitable scaling of ongoing time based on typical clinical interventions and recovery from them. We divided patients in the model into two cohorts of 1000 patients each, all aged 21 years 2 and with earlystage keratoconus. 22 One cohort receives standard management, and the other receives collagen crosslinking around the time of diagnosis. Patients then progress through the model according to predicted changes in their keratoconus. As they do so, cost and utility values accrue in accordance with disease severity and accumulated interventions that are then discounted and compared between the cohorts. We use the Amsler-Krumeich (AK stage) classification 22 to represent the severity of keratoconus. This scales keratoconus from the least severe AK stage 1 to the most severe AK stage 4. We model each eye separately. In the model we assume that all patients present in AK stage 1 (40% of first eyes and all fellow eyes) or stage 2 (60% of first eyes). 7 Figure 1 provides an overview of the health states and the potential transitions between them.
Disease progression
Progression at~1 D a year or more, measured at for example 3-6-month intervals, features commonly [11] [12] [13] [14] [15] [16] in the recent literature and appears to be regarded as a benchmark of progressive keratoconus. The literature is not however clear as to the extended clinical course of such patients. Specifically, although we can assume that such patients' disease will either self-limit or require a corneal transplant, 2 neither the time course of such end points nor the proportion of patients requiring surgery are explicit.
In order to model disease progression therefore, we made use of data from epidemiological studies in which the marked levels of progression in some patients considered as 'progressors', for example, 1.01 D per year over 5 years 23 and 1.37 D per half-year 24 over 3 years, contrasted with larger groups of 'non progressors' showing advancement at~0.2-0.3 D per year. 23, 24 Although keratoconus is chiefly a bilateral disorder, 2 there is very little information about how disease in fellow eyes might progress. Both the well-documented asymmetry 2,4 of keratoconus and the fact that only~6% of patients eventually require bilateral transplantation 10 suggest that this might be very slow compared with the first eye. However, sustained and rapid progression of the disease in fellow eyes 15 has been observed. This may indicate that rapid progression in fellow eyes is a feature of 'progressor' subgroups.
Although this literature on progressor subgroups does not provide sufficient follow-up to indicate what proportion of these patients might eventually require surgery, statistical modelling 8, 9 indicates that disease severity is a central risk factor, and also suggests that transplantation is strongly associated with younger age Figure 1 Health states through which patients progress in the model. groups and very much less likely more than 10 years from diagnosis. From this and the levels of deformity typically seen in explanted corneas, 25 we conclude that highly progressive disease is very strongly associated with eventual transplantation.
We therefore assumed that patients in the model would have an initial constant progression rate, in the first eye diagnosed, of 1.01 D per year. 23 Progression commences in the second eye at AK stage 1 after 5 years, 2 and at the same initial rate as the first. All diseased eyes in the model then progress at this same rate for 10 years, or until they reach AK stage 3. As all patients enter the model at age 21 years, this enabled us to represent the well-documented tendency of the disease to begin stabilising after age 30 years 2 as well as allow that a proportion of patients in the model may halt progression before surgery. 2 
Management
All patients in the model receive an initial assessment including keratometry to assess their disease status. Patients in the standard management cohort then receive contact lens correction, with new lenses every 2 years (value based on local clinical opinion). A proportion of patients in the model, who reach AK stage 4, 8,9 undergo corneal transplantation (1.3% per year). 2 We did not model any postoperative correction of astigmatism. Following surgery, they undergo intensive outpatient follow-up consisting of six visits in first year, five in the second year, and every 6 months thereafter (value based on local clinical opinion). Systemic immunosuppression and monitoring of haematological parameters for three and a half years is required in 7.5% of these patients (value based on local clinical opinion).
Following their initial assessment, patients in the collagen crosslinking cohort undergo further keratometry to assess their progression. Both affected and fellow eyes then receive crosslinking, followed by further keratometry to assess efficacy. Crosslinking is not carried out in eyes with AK stage 4 disease because of safety issues 11 and poor efficacy. 26 Contact lens correction is still required for all patients in this cohort, 2 and we assume the same replacement schedules as for the standard management cohort.
Treatment effect
In the collagen crosslinking cohort, we modify the rate of progression of keratoconus according to the expected efficacy of collagen crosslinking. In what is presently the longest and largest follow-up study, 15 patients showed sustained mean improvements in both corneal power and visual acuity, based on 44/363 (12%) patients at 5-year follow-up. The results of the remaining patients are unreported, limiting further analysis. Other reports suggest that there is an initial failure rate associated with individual treatments of ∼ 7.6%. 26 We cannot be certain about the efficacy of treatment after 5 years, or whether retreatment, if required, would be successful.
We chose therefore to assume that, for patients in the collagen crosslinking cohort, collagen crosslinking halts progression without leading to disease improvement, and that 7.6% of modelled treatments fail. 26 We model a retreatment after this point, as patients in the model will not have reached disease stability. 2, 26 We assumed this has a similar efficacy to initial treatments.
Adverse events
The majority of adverse events associated with collagen crosslinking are typically transient or do not require treatment. 26 We assume that comprehensive antibiotic and antiviral cover effectively prevents infection. 26 Therefore, we do not model any adverse events associated with collagen crosslinking.
Adverse events associated with corneal transplantation include graft rejection, raised intraocular pressure (IOP), cataract, and infection. 27, 28 We assumed that 3% of grafted patients develop cataract. We extrapolated the findings of Lim et al 28 with regard to revision procedures (1% required over 46.5 months) to cover the model time horizon.
Raised IOP is a common complication, incident in ∼ 20% of patients in the first year after the procedure (value based on local clinical opinion), although in 80% of patients it resolves within a year. In the model, we assume that all incidences of raised IOP follow this pattern. In general, we assume that all these adverse events incur only costs in the model, although the onset of prolonged raised IOP may result in some quality of life reduction, for which we have no data.
Utilities
Each health state has an associated utility value, quantifying the expected quality of life for a patient in that state of health, anchored on the scale of 0 (dead) to 1 (perfect health). 29 As the model runs, these values weight the time spent in each cycle and, when summed across the whole time frame, express the number of QALYs accruing to the alternatives being evaluated.
Direct measurements of utility in keratoconus, based on disease severity, are not available. Therefore, we estimated the impact of keratoconus on quality of life according to the expected visual acuity of each disease stage.
We chose mean visual acuity values measured in association with AK stages 1, 2, and 4 from a study with sizeable groups and good coverage of disease states. 30 We imputed, by weighted regression on the group sizes, an estimate of visual acuity for AK stage 3. We assumed that corneal transplantation confers a postoperative visual acuity of 0.1 logMAR. 31 We calculated utility values (Table 1) using data from linear regression models based on the time tradeoff (TTO) method. 18 We assigned these values to the bilateral disease states according to the visual function in the better-seeing eye that is most strongly correlated with utility. 18 For unilaterally affected patients, however, we chose those values associated with the worse-seeing eye. 18 This was because, first, the preferred values were derived from patients whose vision in one eye was worse than 0.3 logMAR, and this does not apply to all the patients in our model. Second, there would otherwise be no gradation in utility throughout our unilateral disease states.
Costs
We derived treatment and monitoring costs in the model (Table 2 ) from the NHS National Tariff (NHS National Tariff 2012-2013). Discounting was applied to both utilities and costs at 3.5% per year in accordance with the National Institute for Health and Care Excellence (NICE) guidelines. 32 
Sensitivity analyses
Parameter values used for modelling carry with them uncertainty, because the parameterisations typically represent estimates of an average. Sensitivity analysis allows us to assess the potential impact of parameter inaccuracies on the results of the model, thereby indicating how 'sensitive' the model results are to each potential inaccuracy. We varied the value of every parameter in the model in turn using ranges of plausible values for each one (Table 3 and Figure 2a) , and then applied a probabilistic sensitivity analysis (PSA) using Monte Carlo simulation. This technique draws every parameter value randomly from a statistical distribution. We generated 1000 such combinations of parameter values (Figure 2b ), using standard probability distributions (Supplementary Appendix A). We used these results to infer the probability of collagen crosslinking being cost effective when compared with a willingness-to-pay (WTP) range of £20 000 to £30 000 per QALY gained. This is the range used by NICE in assessing what constitutes a cost-effective use of resources in the UK NHS. 32 
Software
The model was built using Microsoft EXCEL 2010. Additional statistical analyses were performed in STATA 13 (StataCorp, College Station, TX, USA).
Results
In the base case, the incremental cost-effectiveness ratio (ICER) was £3174 per QALY. Uncertainty around the expected duration of treatment benefit would have the most influence upon this result (Table 3 and Figure 2a) . Specifically, the ICER may rise to £33 263 per QALY if there is no treatment benefit beyond 5 years. Potential variations in other parameters do not bring the ICER near to the WTP thresholds. We note that the ICER tends to increase because of any variation in disease progression using the values we applied.
Our PSA generates a cost-effectiveness plane (Figure 2b ) that shows potential variations in the incremental costs and QALYs because of the present overall state of uncertainty over the complete set of model parameters. The mean ICER is £6316 per QALY, compared with the base case of £3174 per QALY. The flat shape of the distribution is because modelled costs do not generally vary with disease severity. Points situated below the added lines (dotted = £20 000 per QALY, dashed = £30 000 per QALY) show the simulations in which collagen crosslinking is cost effective compared with the respective NICE WTP thresholds. 32 This accounts for 79% and 85% of simulations respectively. Eye
Discussion
Our base case result shows that UVA collagen crosslinking is cost effective for progressive keratoconus, compared with standard management, at an incremental cost of £3174 per additional QALY over a 25-year time horizon. This value may rise to over £33 263 if the treatment can only provide a one-off benefit of 5 years of halted progression. However, the results of our sensitivity analysis suggest that our results are relatively insensitive to inaccuracies in most of our parameterisation. Therefore, we are confident that UVA collagen crosslinking would be a cost-effective treatment for progressive keratoconus compared against the NICE WTP range of £20 000 to £30 000 per QALY gained. 32 The analysis of overall uncertainty provided by our PSA predicts that collagen crosslinking would be cost effective compared with standard management in 79 and 85% of simulations. The difference between the mean estimate of our PSA, at £6316 per QALY, and the deterministic result may be attributable to the properties of the statistical distributions applied.
Our study has considerable strengths: we make a comprehensive representation of the clinical course of keratoconus, based on accepted disease staging and a well-defined subpopulation of patients. 23 Our costs come from NHS tariffs and therefore reflect actual practice. We based our quality-of-life measurements on clearly demonstrated associations with visual function. 18 However, we acknowledge a number of limitations with this study. Clearly, the available data for assessing the potential impact of collagen crosslinking remain limited. Current estimations of efficacy rest on a number of small, mostly single-centre, studies of limited duration relative to the disease time course. As these studies are recent, it will clearly be some years before more substantial data are available. However, our model strongly suggests that provided that efficacy can be robustly demonstrated beyond 5 years, the treatment would be very likely to be cost effective. We were unable to model certain parameters such as the effects of correcting post-transplantation astigmatism because of lack of data. This omission would not however affect our conclusions, as it seems clear that both the net impact of the excess costs of correction and any transient decrease in utility before the correction would reduce the ICER further. We limited the inclusion of patients in the model to those with early-stage disease that may exaggerate the benefits of collagen crosslinking. In reality, however, some patients with later-stage disease may not be safely treatable 11 and hence could not be modelled in our treatment cohort. In addition, the clinical course of keratoconus is clearly highly variable between patients, even for those patients with more aggressive disease. Furthermore, we cannot be certain what proportion of these patients will eventually have surgery, the major cost contributor of the standard management cohort. We also had very little information about the likely progression of disease in the fellow eye. By examining the uncertainty around these limitations in our PSA and nevertheless demonstrating a high probability of cost effectiveness, we are confident however that the uncertainty around treatment efficacy remains the key issue to address.
To our knowledge, this is the first report to investigate the cost effectiveness of UVA collagen crosslinking. Therefore, we anticipate that our findings will be of great interest to clinicians working with keratoconus. Our results suggest that there is now a strong case for commissioning UVA collagen crosslinking in the UK NHS. On the present evidence, this would be limited to those patients presenting with progressive disease, 11, 23, 24 although the policy with regard to treating fellow eyes could be at clinical discretion. If treatment arrests the disease before substantial progression occurs, the quality of life of patients would approach that of unaffected individuals. In addition, considerable health service resources currently routed into transplantation surgery and follow-up would be available, given that keratoconus is one of the most common indications for this procedure in first world countries. 6, 31 It would also reduce the demands on available tissue. At present, the available literature on efficacy comprises many small single-centre studies. Although initial evidence through repeated demonstrations of efficacy in Caucasians [11] [12] [13] [14] [15] [16] as well as in Middle East 17 and Indian 33 populations is promising, there is clearly a need for more widespread reporting and for extended demonstrations of treatment efficacy.
Conclusion
UVA collagen crosslinking is highly likely to be cost effective for management of progressive keratoconus, with an 85% probability of being cost effective at a threshold of £30 000 per QALY. However, there is an ongoing need for reports on the longer-term efficacy of treatment and its widespread applicability.
Summary
What was known before K There is mounting evidence that collagen crosslinking is clinically effective in halting or delaying progression of keratoconus.
K No assessment of cost effectiveness has however to our knowledge been made.
What this study adds K Our model shows that collagen crosslinking is highly likely to be cost effective for the treatment of progressive keratoconus, although there remains considerable uncertainty around long-term outcomes.
